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ABSTRACT

S-adenosyl-L-methionine (SAM) is an abundant biomolecule used by methyltransferases to regulate a wide
range of essential cellular processes such as gene expression, cell signaling, protein functions, and metabolism.
Despite considerable effort, there remain many specificity challenges associated with designing small molecule
inhibitors for methyltransferases, most of which exhibit off-target effects. Interestingly, NMR evidence suggests
that SAM undergoes conformeric exchange between several states when free in solution. Infrared spectroscopy
can detect different conformers of molecules if present in appreciable populations. When SAM is noncovalently
bound within enzyme active sites, the nature and the number of different conformations of the molecule are
likely to be altered from when it is free in solution. If there are unique structures or different numbers of
conformers between different methyltransferase active sites, solution-state information may provide promising
structural leads to increase inhibitor specificity for a particular methyltransferase. Toward this goal, frequencies
measured in SAM’s infrared spectra must be assigned to the motions of specific atoms via isotope incorporation
at discrete positions. The incorporation of isotopes into SAM’s structure can be accomplished via an established
enzymatic synthesis using isotopically labeled precursors. However, published protocols produced an intense
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and highly variable IR signal which overlapped with many of the signals from SAM rendering comparison
between isotopes challenging. We observed this intense absorption to be from co-purifying salts and the SAM
counterion, producing a strong, broad signal at 1100 cm~!. Here, we report a revised SAM purification protocol
that mitigates the contaminating salts and present the first IR spectra of isotopically labeled CD3-SAM. These
results provide a foundation for isotopic labeling experiments of SAM that will define which atoms participate
in individual molecular vibrations, as a means to detect specific molecular conformations.

1. Introduction

S-adenosyl-L-methionine (SAM, also known as AdoMet) is an essen-
tial sulfonium molecule found in all living organisms [1-6] and plays
an indispensable role in numerous biochemical processes [7-12]. SAM
is synthesized by the enzyme methionine adenosyltransferase (MAT),
also known as SAM synthetase, using the substrates L-methionine and
adenosine-triphosphate (ATP) [13,14]. Its biosynthesis occurs in the
cytoplasm of microbial cells or in the tissues of organisms, particularly
the liver [15-18]. SAM is a vital biological molecule, as it is utilized in
a wide array of biochemical reactions and is the second most commonly
used substrate after (ATP) [19,20]. The molecular structure of SAM
(Fig. 1) was first described by G. L. Cantoni, in 1952, who showed how
the positively charged sulfur atom activates the carbon atoms adjacent
to it, making them susceptible to nucleophilic attack [21,22].

SAM frequently serves as the biological methyl donating substrate
for protein methyltransferases, an important class of drug targets,
to regulate a wide range of essential cellular processes via methyla-
tion of different amino acids, such as lysines and arginines [7,23-
31]. Dysregulation of several protein methyltransferases have been
implicated in disease, particularly cancer, rendering them attractive
targets for drug design [32-36]. However, designing small molecule
inhibitors that target specific protein methyltransferases has remained
challenging due to selectivity issues resulting in off-target effects in
this large class of enzymes, and few compounds have made it to
human trials and been approved by the FDA [28,37-42]. SAM is
a conformationally flexible molecule and can adopt numerous con-
formations, as observed in crystal structures of different classes of
SAM-dependent methyltransferases [43]. Additionally, NMR data in-
dicates that SAM is multi-conformeric when free in solution and the
molecule can adopt multiple energetically reasonable physical confor-
mations when bound with methyltransferase active sites, underscoring
its conformational dynamics [44-49]. Knowledge of the number of
energetically permitted conformers and their spatial arrangements for
the small molecule present in the solution is crucial to understanding
any specific conformational poises that it can adopt within the active
site of a given methyltransferase [15,50,51]. To gain insights into
the number of available conformations present under a given set of
conditions, solution-state structural studies are required to characterize
SAM’s molecular structure when free, and when bound to methyl-
transferases [52-57]. Although NMR spectroscopy has been widely
used to investigate SAM dynamics, the timescales of NMR experiments
may mask SAM conformations that are in rapid exchange. In contrast,
vibrational spectroscopy offers exquisite sensitivity in detecting molec-
ular conformations undergoing rapid exchange and is ideally suited
for characterizing the conformational dynamics of SAM [52,56,58,59].
Structural knowledge gained from these studies can be leveraged in
designing inhibitors that more effectively compete with the different
molecular conformations that SAM adopts within a methyltransferase
active site [60-63]. Here, we report a revised protocol for SAM’s
purification that eliminates excess salts that interfere with conformer
detection using vibrational spectroscopy [64-68]. Utilizing the highly
purified SAM obtained from this protocol, we present the first IR
spectra of isotopically labeled CD3-SAM. This protocol will serve as
the foundation for conducting comprehensive isotope studies, with the
primary objective of accurately correlating the observed vibrational
shifts in the molecule’s IR spectrum to detect any conformational
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Fig. 1. Enzymatic synthesis of SAM from L-methionine and ATP is catalyzed by MetK.

states that may exist when the molecule is free in solution. Finally,
these studies will pave the way for detecting and characterizing which
specific conformations SAM adopts when bound, and the non-covalent
interactions it forms within the active sites of methyltransferases.

2. Experimental
2.1. Materials and methods

All chemicals used in this work were reagent grade. CD5-L-Methionine
was purchased from Aldrich. Adenosine-5’-triphosphate (ATP) and N-
[Tris-(hydroxymethyl)methyl]-glycine (Tricine) were purchased from
Sigma-Aldrich. Isopropyl-f-D-1-thiogalactopyranoside (IPTG) and Tris
base were purchased from Fisher-Bioreagents. NaH,PO,, Na,HPO,, 2-
Mercaptoethanol 99% (SME), NH,OH (28%-30% solution in water),
and L-methionine (98%) were purchased from Acros Organics. Glacial
acetic acid and hydrochloric acid were purchased from Fisher Chem-
icals. E. coli BL21 (DE3) chemically competent cells were purchased
from Invitrogen. Lysozyme (egg-white) was purchased from Alfa Aesa.
Nickel-nitrilotriacetic acid (Ni-NTA) resin (50% slurry in 20% ethanol)
was purchased from G-Biosciences. CM Sepharose and CG50 weak
cation-exchange resins were purchased from Sigma-Aldrich. Bio-Gel
P-2 media (extra fine, <45 pm wet) was purchased from Bio-Rad.
QAE Sephadex A-25 was purchased from Cytiva. The plasmid which
encodes S-adenosyl-methionine synthetase (MetK) was donated by Dr.
Dewey McCafferty at Duke University. High-purity TraceMetal Grade
nitric acid, H,O, and ICP-MS metal standards were purchased from
Sigma-Aldrich.

2.2. Expression and purification of SAM synthetase (MetK or MetX)

The enzymatic synthesis of S-adenosyl-L-methionine (AdoMet) was
catalyzed by E. coli MetK using L-methionine and ATP [21,65,69].
Incubation of cell media for protein expression was done using the
incu-shaker from INFORS. Mechanical disruption of the E. coli cell
wall was performed with a Qsonica sonicator [70]. The soluble protein
was separated from cell debris using a Sorvall Lynx 6000 centrifuge
from Thermo-scientific. MetK was overexpressed in E. coli and pu-
rified as previously published [69,71] and the SDS PAGE gel image
of purified MetK is shown in Supplementary Figure S1. The MetK
enzyme migrates at 43 kDa, which is consistent with the sequence
published by George D. Markham [69]. The concentration of enzyme
and SAM were routinely monitored, during and after production, using
a Nanodrop One-c ultraviolet (UV)-visible spectrometer from Thermo-
Scientific [72]. Detailed procedure for MetK expression and purification
is provided in the Supplementary Data section 1.0.
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2.3. SAM synthesis and purification

A typical 50 mL reaction consisted of the following reagents:
200 mM Tricine/HCI pH 8.7, 50 mM KCl, 30 mM MgCl,, 8% v/v fME,
15 mM ATP, 10 mM L-Methionine, and 75 mg of MetK. The reaction
was placed on a shaker (95 rpm) at room temperature. SAM production
was monitored using HPLC analysis at time points from 5 min to
240 min. Optimal SAM production with minimal SAH formation was
observed at about 2 h 30 min, but for higher SAM yield the reaction
was extended to about 3 h 30 min. Once the reaction was completed,
the mixture was spun at 4000 xg for 10 min to remove the precipitated
enzyme. The supernatant was decanted and filtered through a 0.8 pm
syringe filter. A 10 mL CG50 ion-exchange column was equilibrated
with 15 column volumes (CV) of 1.0 M ammonium acetate buffer (pH
5.0), followed by 10 CV of ultrapure water. The filtrate was then loaded
onto the column using the sample pump, followed by washing with 30
CV of water to remove the nonbinding components of the reaction mix-
ture. SAM was eluted with a 20 CV linear gradient of water to 100 mM
hydrochloric acid followed by 10 CV of 100 mM hydrochloric acid.
The purity of the fractions was determined by HPLC, and pure fractions
were pooled and neutralized by titrating with QAE-carbonate slurry in
water to pH 6.5. The neutralized solution was filtered through a 0.8 pm
sterile syringe filter to remove the QAE Sephadex resin. The filtrate
was then concentrated by rotary evaporation and loaded on a 25 mL
Biogel-P2 size-exclusion column which was equilibrated with 10 mM
HCI or water. After sample injection from a 250 pL sample loop, 2.5
CV of 10 mM HCI or ultrapure water was used to elute SAM, followed
by a column wash utilizing 2.5 CV of ultrapure water if HCl was used.
Using 10 mM HCI increases the ionic strength of the mobile phase and
gives better peak resolution, with pooled fractions neutralized with
QAE carbonate. Fractions were analyzed using the HPLC method as
described in Section 2.4.2 to determine the purity of the fractions.
Fractions with pure SAM were pooled if they had a conductivity <3
mS/cm and concentrated using a rotary evaporator. Fig. 2 shows the
schematic representation of the enzymatic synthesis and purification
SAM. Ion-exchange chromatography and size-exclusion chromatogra-
phy were conducted at 4 °C using medium-pressure Next-Generation
Chromatography (NGC) from Bio-Rad laboratories [73].

2.4. Analytical methods and instruments

2.4.1. Preparation of QAE carbonate slurry

QAE Sephadex resin was hydrated in 1M NaCl and kept at room
temperature overnight. 80 mL of hydrated QAE chloride was trans-
ferred into a 100 mL column (to account for swelling in the water wash)
and equilibrated with 8-column volumes of 800 mM sodium carbonate
solution, followed by washing with 20-column volumes of water. QAE
carbonate was stored at room temperature.

2.4.2. HPLC analysis

High-performance liquid chromatography (HPLC) was performed
using a Vanquish system equipped with a multi-wavelength UV de-
tection from Thermo-Scientific. The HPLC is equipped with an au-
tosampler, expediting the analysis of multiple samples. HPLC analyses
were performed with an HILIC XBridge Amide column (4.6 mm X
150 mm, 3.5 pm), using acetonitrile and sodium citrate buffer (10 mM,
pH 3.0 with 25 mM NaCl). The column compartment temperature
(40 °C), pump (1.00 mL/min), and the system were allowed to sta-
bilize for about 20 min while the baseline is monitored. The sample
was run with a 4-minute gradient of 20% to 50% citrate buffer, fol-
lowed by 4 min of 50:50%. The column was then re-equilibrated to
80:20% acetonitrile:citrate buffer for 7 min before the next sample.
5’-methyl-thioadenosine (MTA), adenosine, S-adenosyl-L-homocysteine
(SAH), and SAM chloride eluted at 2.1, 3.1, 5.3, and 5.9 min re-
spectively. HPLC data processing was performed using Chromeleon
software.
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2.4.3. IR analysis

The IR spectra were measured using a PerkinElmer FTIR spec-
trometer Spectrum 3, equipped with a Pike Technologies MIRacle
Universal Attenuated Total Reflectance (ATR). IR measurements were
taken at room temperature with 128 scans, 4 cm~! resolution, using
ultrapure water as the background. The background spectrum was
subtracted from the sample spectrum by the auto background-removal
function on the IR spectrometer. 6 pL of ultrapure water was first run
as background, followed by 6 pL of the sample. To prevent sample
evaporation, a 25 pL Teflon cap from PIKE technology was used to
cover samples during analysis. IR spectral datawere processed using
PerkinElmer Spectrum software. Before normalization, a multipoint
baseline was added using the interactive baselining function. After
baseline and normalization of the IR spectra, the difference function
was used to perform spectra subtraction to identify the differences
between the spectra.

2.4.4. NMR analysis

Nuclear magnetic resonance (NMR) experiments were conducted us-
ing a Bruker Avance III 600-MHz instrument. The sample was prepared
for analysis by several rounds of lyophilization and resuspension in
D,0. The acquired data were analyzed using Topspin software from
Bruker.

2.4.5. Mass spectroscopic analysis

Liquid chromatography-mass spectroscopy (LC-MS) was conducted
using an Agilent 1100 HPLC with a C-18 column for separation and
an AB Sciex 4000 QTRAP system for mass detection. The sample was
prepared in a 1:1 acetonitrile:water solution and run on LC for 30 min
with gradient elution from 10%-90% acetonitrile in H,O (both 0.1%
TFA).

ICP-MS was used to determine the amount of sodium, magnesium,
potassium, and lithium ions in SAM samples prepared using the existing
and the optimized methods. While sodium, magnesium, and potassium
ions are possible contaminants that may be found in SAM through its
synthesis and purification, a known concentration of Li,SO, was used
as an internal standard to ensure comparable sample concentration.
ICP-MS samples (83 mM SAM and 50 mM Li,SO4) were prepared in
100% HCI at room temperature. Samples were subsequently diluted
(1 pL:4 mL) with 3% HNO3, and run on an Agilent 7900 ICP mass
spectrometer (Agilent Technologies) connected to a CETAC ASX-500
auto-sampler for sample injection. Control experiments were conducted
in 3% HNO3 for background correction.

3. Results and discussion

The major challenge faced with the determination of the IR spec-
trum of aqueous SAM is the presence of a strong signal from the poly-
atomic counterion, which produces a strong absorption at 1100 cm~!.
This signal is likely due to the S=O stretching of a sulfate ion that
originated from the sulfuric acid which was used to elute SAM from
the ion exchange column in the existing protocol and co-purified with
SAM as a counterion and as Na,SO, salt [71,74,75]. This strong signal
hinders the detection of the weaker signals from SAM’s ground state
vibrational transitions in a spectral region where C-H vibrations are
expected to be observed specifically transitions from bending motions
of the C-H bonds Fig. 3. Also, since it is difficult to determine the
specific concentration of salt produced alongside SAM during purifi-
cation, the subtraction performed to remove the IR signal of liquid
water by using buffer as a “blank” during the background scans resulted
in batch-to-batch inconsistencies, resulting in challenges in obtaining
replicate spectra. Therefore, we sought to modify the conditions of
original purification to eliminate the strong sulfate signal that overlaps
with several IR signals in SAM that are important for confirmation of
isotope incorporation. For example, the C-H bending modes that are
expected to be impacted by deuteration at the reactive methyl group
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Fig. 3. IR spectrum of SAM shows the intense sulfate peak at 1100 cm™! that overlaps
with the SAM vibrational signals and the poor background subtraction of the water
“blank” due to high salt concentration ( 3000 cm~'). The absorption of the salt peak
is 6-fold higher than the SAM’s carbonyl signal and varies batch-to-batch.

cannot be observed in Fig. 3, due to the much more intense signal from
the sulfates. The SAM enzymatic synthesis comprises two major steps:
SAM production from an Sy2 reaction between the methionine and
adenosine moiety of ATP, followed by the second step which involves
the hydrolysis of triphosphate to form pyrophosphate and orthophos-
phate, which happens before SAM is released from the enzyme([76]
(Fig. 1: SAM reaction).

The existing protocol was altered in the following ways. The re-
action buffer for the SAM reaction was changed to tricine, compared
to the previous protocol in which Tris was used. This alteration was
made because Tris can form a cationic species that binds alongside
SAM to the weak cation exchange column at neutral pH. On the other
hand, Tricine forms a zwitterion at physiological pH. Since both Tris

and Tricine have similar pKa values, Tricine is a better buffer option
due to its zwitterionic property [77,78]. The concentration and pH of
the reaction buffer were also changed to 200 mM pH 8.7 compared to
100 mM pH 8.0, used in the previous methods [67,79]. This alteration
was introduced because as ATP is converted to SAM, acid is produced
from the hydrolysis of the phosphoanhydride bond, lowering the pH
of the reaction mixture [80-82]. MetK has an isoelectric point (pI) of
5.38 and becomes less soluble as the reaction pH approaches this value.
Thus, both the concentration and the pH of the buffer were increased
to enhance enzyme stability. The enzymatic synthesis was allowed to
progress for 3 h and 30 min at room temperature. The SAM produced
was purified, first with weak-cation exchange which removes the an-
ions and neutral impurities such as 5’-methyl-thioadenosine (MTA),
S-adenosyl-homocysteine (SAH), adenosine, and ATP. SAM and the
cationic impurities in the reaction bind to the column and were eluted
with a hydrochloric acid gradient (Fig. 4A). The weak cation exchange
resin CM-52, a cellulose-based resin that was utilized in previous pro-
tocols [83] is no longer commercially available. CM-52 was replaced
with CM-Sepharose, then with CG50, a methacrylic-based resin with
a carboxylic functional group. CG50 was used in this study because
it afforded a higher yield when compared with CM-Sepharose. SAM
was eluted from the CG50 using 100 mM HCI in place of sulfuric acid
used in the previous protocols. Conductivity increases across the linear
gradient with increasing HCl which protonates the carboxylate groups
on the CG50 column, resulting in the elution of SAM (Fig. 4A). As
noted earlier, the IR spectra of SAM and the sulfate ion overlap each
other, making detection of the SAM signals difficult in the presence of
the strong sulfate signal. This problem was resolved by replacing the
polyatomic sulfate counterion with the monatomic chloride counterion.
In addition, the equilibration buffer was switched from sodium acetate,
which was used in the previous protocols, to ammonium acetate for
equilibration of the cation exchange column, with the goal of elimi-
nating the resulting ammonium chloride by lyophilization. However,
the ammonium chloride salt was not adequately removed due to its
low vapor pressure of ammonium chloride at room temperature, and
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Fig. 4. (A) The CG50 weak cation exchange column was equilibrated with 1M
ammonium acetate (pH 5.0), followed by linear gradient elution with 100 mM HCL
The black trace is the absorbance at 260 nm and the red trace shows conductivity as
it increases across the plot. (B) Desalting of SAM using the Biogel-P2 column. SAM is
observed to have some affinity with the column as salt elutes earlier and SAM elutes
after one column volume.

heating the sample would lead to SAM degradation [66,84,85]. The
ammonium chloride was observed to separate better from SAM than
sodium chloride salt, allowing us to remove excess salt from SAM
using the Biogel-P2 size exclusion chromatography step (Fig. 4B).
SAM elutes the ion-exchange column at a pH value of 1.5. To study
SAM at a neutral pH, the previously established methods used QAE-
hydroxide to neutralize the pooled fractions [83]. QAE Sephadex A-25
is a strong anion exchange resin that is sold as QAE-chloride and can
be readily exchanged to a preferred counterion by washing with a
high-concentration solution of the ion. QAE-hydroxide was prepared
by washing QAE-chloride with sodium hydroxide. However, zero con-
ductivity was not attained during the subsequent water wash in the
preparation of QAE-hydroxide resin, indicating that there was resid-
ual sodium hydroxide within the resin. To circumvent this issue, we
prepared QAE-carbonate resin by washing QAE-chloride with 800 mM
sodium carbonate. Zero conductivity was attained upon washing with
ultra-pure water suggesting a lack of contaminating sodium species.
QAE-carbonate was used to neutralize SAM to a pH value of 6.5 and any
ammonium carbonate formed during the neutralization decomposed
in the vacuum during concentration using a rotatory evaporator or
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Fig. 5. The black trace was obtained from impure fractions of SAM that were
deliberately taken for HPLC analysis during SAM purification. The fraction was found
to contain impurities such as Adenosine, SAH, and MTA. The absorbance trace shown
in blue was the commercial SAM and was found to contain MTA and SAH as impurities.
The absorbance trace shown in red was the clean SAM synthesized and purified in our
lab which contains none of the impurities found in both the impure and the commercial
SAM.

was separated in the next chromatography step. The next step involves
desalting the SAM using Biogel-P2, a size exclusion resin, and eluting
with 10 mM HCI or ultrapure water. Desalting was achieved by pooling
fractions with the lowest to no conductivity (less than 3.0 mS/cm).
Fresh Biogel-P2 resin was used for each purification to prevent transfer-
ring impurities to subsequent purifications. We observed that Biogel-P2
appears to have an intrinsic affinity for SAM and contaminants at low
ionic strength, eluting past one column volume Fig. 4B. A chromatogra-
phy system equipped with UV and conductivity detectors allowed us to
assess SAM concentration and ionic strength when pooling fractions.
This detection minimizes ionic contamination after the final column.
Table S1 shows a summary of all the changes made to the previous
protocol to obtain SAM adequate for IR studies.

3.1. HPLC

HPLC analysis was conducted to verify the purity of the SAM frac-
tions after each column before pooling them. Fractions containing SAM
from the first purification step were analyzed by HPLC as described
earlier in Section 2.4.2 to confirm the absence of adenine-containing
impurities. Fig. 5 shows the 260 nm absorbance trace of impure,
commercial, and pure SAM.

3.2. Proton NMR

Proton NMR analysis was performed as discussed in Section 2.4.4.
As expected, the TH-NMR did not show any difference between SAM
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Table 1

ICP-MS values in parts per billion for the optimized and previous method, samples run in duplicate. The post BioGel sample for the previous
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method is representative of pooling by UV absorbance at 260 nm. Raw data is in Supplemental Table S2.

Sample Lithium Sodium Magnesium Potassium

mean std. dev. mean std. dev. mean std. dev. mean std. dev.
50 mM lithium control 141.45 0.47 18.061 0.031 1.095 0.013 38.79 0.13
Opt. post CG50 139.6 2.3 40.37 0.73 574.9 8.8 262.3 3.5
Opt. BioGel fr 12-15 139.7 1.7 40.053 0.042 1206 11 109.42 0.014
Opt. BioGel fr 16 159.9 1.1 10.741 0.033 273.7 1.1 40.20 0.14
Opt. BioGel fr 17-23 157.336 0.047 18.296 0.029 39.54 0.35 39.92 0.79
Prev. post CG50 160.81 0.93 2842 20. 1963 26 558.9 3.1
Prev. post BioGel 154.68 0.33 1957 21 672.0 9.1 334.4 4.9
Prev. BioGel fr 7-12 147.6 2.1 3582 58 2388 41 710. 12
Prev. BioGel fr 13-16 154.9 1.6 157.7 1.7 202.9 1.5 56.04 0.61

with low or high conductivity. Supplemental Figure S11 shows the
TH-NMR spectrum of pure CH3-SAM (low conductivity). The pure CH;-
SAM was overlayed with high conductivity-SAM (high conductivity
fractions of SAM) to ascertain whether there are any differences in their
spectra. No significant difference was observed. SAM has two chiral
centers which result in four possible stereoisomers. The sulfonium
chiral center can racemize to form (S)- and (R)-epimers, which are
optically stable and can be separated. However, only the (S)-epimer is
the only biologically active form of SAM. The (S)-epimer is observed as
a singlet peak, 3H of the methyl-CH; at 2.92 ppm, and the (R)-epimer
at 2.88 ppm (Sup. Fig. S11).

Matos and Wong studied the stability and stabilization of SAM and
reported the major factors that affect the stability and epimerization
of the (S)-epimer to (R)-epimer of SAM are the pH, temperature, and
sulfonium counterion [66]. Mark L. et al. studied the stereochemistry
of SAM in D,O using NMR by measuring the coupling constants be-
tween the protons on the chiral centers [86]. Finally, there have also
been several NMR studies of the conformational dynamics of SAM in
solution [49].

3.3. ESI-MS

ESI-MS analysis illustrates the mass to charge (m/z) ratio of non-
labeled SAM-chloride of 399.04 (m/z M* calculated for C;5H,3NgO,S
is 399.15), similar to commercial SAM which has an m/z value of 399.2
(Fig. 6A, B). As expected, fractions with high conductivity also exhibit
a similar m/z ratio of 399.36 (Fig. 6D). Isotopically labeled CD3-SAM-
chloride displays an m/z value of 402.32 (C;5D3HyoNgO,S™ is 402.16)
(Fig. 6C). A column background was obtained by blank injection into
the mass spectrometer Supplementary Figure S2.

3.4. ICP-MS

Table 1 shows the differences in key ions between the two SAM
purification protocols. Using ammonium for equilibration of the CG50
column eliminates the sodium that would be bound to the column
initially, and largely reduces the sodium in the purification. Magnesium
and potassium will still be present at similar levels in the reaction
as their concentrations were unchanged, and they appear to persist
through both purifications, although at a slightly reduced level in the
optimized purification. The major point of difference seen between the
two methods is that fractionation by conductivity after the BioGelP2
column is more effective at yielding a sample with reduced ionic
content (Opt. BioGel fr 17-23 vs. Prev. BioGel fr 13-16). The ICP-MS
results do not show ammonium content, but excess ammonium would
be visible by the characteristic peak at 1450 cm~! in the IR spectrum.

3.5. IR analysis
The IR spectra of SAM obtained using the previous purification

protocol indicate the presence of excess salt in the product after the
final purification step, resulting in a strong IR signal at ~1100 cm™!

that likely arises from the S=O stretching of the sulfate counterion and
the excess sodium sulfate salt [74,75]. Previous protocols elute SAM
with sulfuric acid, contributing to the presence of the sulfate ions in
the purified SAM [87,88]. Fig. 7A shows the IR spectrum of the final
mixture containing both SAM and the sulfate counterion. Evidence for
the signal being due to molecular vibrations from the sulfate ion and
not SAM is evident as the interfering signal exhibits a large shift in
positions (from ~1100 cm~! to ~1450 cm~!) when a different salt is
present in the purification. Fractions with high conductivity from the
Biogel P2 column possess an intense ammonium ion peak at 1450 cm™!
region [89-91] (Fig. 7B). However, fractions containing low to no
conductivity (<3.0 mS/cm) lack salt impurities and the ammonium
ion peak as seen in the black trace (Fig. 7B). Replicate, batch-to-batch
(separate purifications) spectra of SAM-chloride were taken, with their
mean and standard deviation plot shown in Fig. 8. Having confirmed
the reproducibility of our method with the light isotopes, CD3-SAM
was enzymatically synthesized utilizing a commercially available iso-
topically labeled precursor, CD3-L-Methionine, and our optimized SAM
purification scheme. The synthesis of CD3-SAM was confirmed using IR
spectroscopy to compare the C-H and C-D stretching regions between
the light and heavy isotopes of SAM. Fig. 8A below represents the
mean and standard deviation plot of two-batch replicates of CD3-SAM,
with the bold line denoting the mean and the gray-shaded region
illustrating the standard deviation. Depicted in green is the noise line
obtained from the CD3-SAM spectra. Fig. 8B depicts the CH3-SAM IR
spectrum and the noise line (shown in red) obtained by averaging the
difference between the spectrum of the same batch of purified SAM. As
expected, perturbation in the 1100 cm™! region of the CD3-SAM spec-
trum is due to C-H stretching. The observed perturbations indicate the
successful incorporation of the deuterated isotope. These expected per-
turbations are seen in the difference spectrum taken between CH3-SAM
and CD3-SAM Fig. 9.

4. Conclusion

The assignment of the infrared (IR) signals from S-adenosylmethionine
in solution to the motions of specific atoms in its molecular structure
via isotope labeling experiments has been complicated by the presence
of a strong signal from the counterion resulting from its purification
and salt that co-purify with SAM after its synthesis. These ions produce
an IR signal far stronger than SAM, masking its signals and rendering
detection of key spectral regions challenging [71]. The optimized
purification method described here effectively removes these ionic
hindrances to the detection of SAM’s IR signals, which are otherwise
undetectable via other methods such as NMR, mass spectroscopy,
HPLC, and electron paramagnetic spectroscopy (EPR) [67,71,86,92]
and enables the acquisition of high-quality IR spectra of naturally
abundant and isotopically labeled SAM in the solution state. The
spectral signal exhibits excellent signal-to-noise ratios, allowing for
precise spectral analysis and assignment of transitions from specific
functional group normal modes to the observed signals in SAM’s IR
spectrum. Our results pave the way for assigning observed frequencies
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Fig. 6. (A) Natural abundance SAM m/z M* calculated for C;5H,3Ng0,S* 399.15; observed 399.04 (B) Commercial SAM, calculated for C;5Hy3NgO,S* 399.15; observed 399.2
(C) CD3-SAM: calculated for C,5D3H,,NgO,S* 402.16; found 402.32 (D) High conductivity-SAM, calculated for C;5H,3Ng0,S* 399.15; observed 399.36.
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Fig. 7. (A). CD3-SAM IR spectrum shows the mean (in bold line) and standard deviation (in the gray-shaded region). In green is the noise line obtained by subtracting two
different spectra of the same batch of purified CD;-SAM. Perturbation in the C-H stretching region ~1100 cm™' is evidence of isotope incorporation (B) IR spectrum of CH;-SAM.
The red line is the noise line obtained from the difference between two different spectra of the same batch of purified CH;-SAM.
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Fig. 9. The spectrum of CD3-SAM (RED) and CH;3-SAM (BLACK) ~100 mM. The noise
line (GREEN) was obtained from the natural abundance of CH;-SAM spectra, and the
difference (BLUE) was obtained by subtracting the heavy spectrum from light.

of transition in the linear IR spectrum to specific atomic motions in
SAM’s molecular structure via isotope labeling. Future work will seek to
identify IR signals that will be faithful reporters of SAM’s conformation
when bound in methyltransferase active sites. These signals can also
serve as molecular-scale meters to measure the enthalpies of the nonco-
valent interactions SAM experiences when in active site environments,
which function to accelerate the rates of the myriad of SAM-dependent
enzyme-catalyzed reactions [93-95]. In conclusion, our study offers a
robust and effective method for obtaining high-quality IR spectra of
SAM in solution and lays the foundation for further investigations into
the vibrational properties of this important small biomolecule.
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